Abstract. Variability management is critical for achieving the large scale reuse promised by the software product line paradigm. It has been studied for almost 20 years. We assert that it is important to explore how well the body of knowledge of variability management solves the challenges faced by industrial practitioners, and what are the remaining and (or) emerging challenges. To gain such understanding of the challenges of variability management faced by practitioners, we have conducted an empirical study using focus group as data collection method. The results of the study highlight several technical challenges that are often faced by practitioners in their daily practices. Different from previous studies, the results also reveal and shed light on several non-technical challenges that were almost neglected by existing research.
Introduction
Software intensive systems in a certain domain may share a large amount of commonalities. Instead of developing each product individually, software product line engineering looks at these systems as a whole and develop them by maximizing the scale of reuse of platforms and mass customization [20] . Thus, it is claimed that Software Product Line (SPL) can help reduce both development cost and time to market [15] . A key distinction of Software Product Line Engineering (SPLE) from other reuse-based approaches is that the various assets of the product line infrastructure contain variability, which refers to the ability of an artifact to be configured, customized, extended, or changed for use in a specific context [3] . Variability in a product line must be defined, represented, exploited, implemented, and evolved throughout the lifecycle of SPLE, which is called Variability Management (VM) [15] . It is a fundamental undertaking of the SPLE approach [15] .
VM in SPL has been studied for almost 20 years since the early 1990s. FeatureOriented Domain Analysis (FODA) method [10] and the Synthesis approach [11] are two of the first contributions to VM research and practice. Since then diverse methods/approaches have been proposed [7] . The goal of all these research efforts should be to help practitioners to solve their real problems. Hence, there is a vital need to explore how well the VM body of knowledge solves the problems faced by industrial practitioners, and what are the remaining and (or) emerging issues. Such an effort can help to update the understanding of issues and VM challenges in SPL practice. Such an understanding is expected to help researchers to direct their research efforts towards real and high priority issues and challenges in the industry, and thus can provide practitioners with more support for VM and improve their productivity. As such, the specific research question that motivated this study was:
• What are the contemporary industrial challenges in variability management in software product lines?
The goal of this paper is to report the results of an empirical study aimed at identifying issues and challenges of VM in SPLE faced by industry practitioners. This paper is organized as follows. Section 2 provides the details of the research methodology used for this research. Section 3 presents the findings of this study. Section 4 discusses the findings from analysis of the data gathered during the focus group discussions with respect to the published literature on variability management in software product lines. Section 5 mentions some of the potential limitations of the reported study and its findings and Section 6 finishes the paper with a brief discussion about the outcomes from the reported study and future work in this area.
Research Method
We conducted an empirical study using focus group research method in order to identify the issues and challenges of VM in SPLE faced by industry practitioners in their daily activities. We decided to use the focus group research method because it is a proven and tested technique to obtain the perception of a group of selected people on a defined area of interest [1, 13, 24] . In the following sub sections, we describe the process of this study according to the five steps involved in the focus group research method.
Define the Problem
In this step, we defined the research problem that needed to be studied by using the focus group research. The research problem was derived from our research goal (i.e., to gain an understanding of issues and challenges of VM in SPL in practice) as described in Section 1.
Plan Focus Group
In this step, we set the criteria for selecting participants, decided the session length, designed the sequence of questions to ask during the session 1 , and prepared documents to provide the participants with the study background, objectives, and protocols.
Select Participants
In this step, we selected participants according to the criteria devised during the planning stage. In order to gain insights into the VM challenges in practice, we followed the following criteria for selecting the participants:
• experience of variability management in practice, • knowledge and expertise of issues/challenges of variability management, and • willingness to share their experiences and candid opinion.
According to the selection criteria, our study needed practitioners with industrial experience in VM in SPLE. Such practitioners are usually very busy and are not likely to respond to invitations from unfamiliar sources. Thus, a random sampling was not viable.
Consequently, we decided to use availability sampling, which seeks responses from those who meet the selection criteria and are available and willing to participate in a study. The International Software Product Line Conference (SPLC) attracts a large number of practitioners every year. We sent invitation emails to practitioners who were going to attend SPLC 2008 and met our selection criteria.
Conducting the Focus Group Session
We held three focus group sessions, each of them lasting approximately one hour. The flow of the discussion was designed to be as natural and as easy to follow as possible. Each session started with a brief introduction of the participants and researchers. Then the discussion flowed through a predefined sequence of specific topics related to the challenges in different phases of SPLE, i.e., requirements phase, architecture phase, implementation phase, testing phase, and any other aspect of VM in SPLE. The separation between phases is based on the SPLE framework presented by Pohl et al. [20] ; however, to not complicate the discussion flow, we decided not to separate the discussions on domain engineering and application engineering in each phase. The sessions were audio recorded with the participants' consent.
Data Analysis
In this step, we transcribed the recorded discussion and coded the transcription. The focus group sessions of this study resulted in approximately three hours of audio recording. The audio recording was transcribed by transcribers. In order to verify that there was no bias introduced during the transcription, the first researcher randomly checked several parts of the transcription. No significant differences were found.
To analyze the transcribed data, we performed content analysis and frequency analysis. We followed the iterative content analysis technique, which is a technique for making replicative and valid inferences from data to their context [14] , to prepare qualitative data for further analysis. During content analysis, we mainly used Strauss and Corbin's [26] open coding method. With this method, we broke the data into discrete parts, and closely examined and compared them for similarities and differences. Data parts that are found to be conceptually similar in nature or related in meaning were grouped under more abstract categories. The coding was performed by the first researcher and checked by the second researcher.
To identify the relative importance of the challenges' influence on industrial practices in variability management, we performed frequency analysis on the transcribed data for the high level themes.
Results
In this section, we present the results of the study. We first present the demographics of the participants, then present the issues reported by the participants, and finally describe the frequency analysis. Table 1 shows the profile of the participants of the focus group sessions. There were 11 participants in the focus group sessions. The majority of them were holding senior positions in their respective organizations and were playing important roles (e.g. responsible for, advocator, and introducer) in their organizations' SPL adoption and management practices. The participants also had good knowledge of their companies' SPL initiatives. It is worth to note that some of them had the title of "researcher"; however, they were working in research centers in industrial companies rather than academic research institutes. They usually had good knowledge of the VM challenges in their organizations. So we considered them as SPL practitioners in this study. Each of the participants came from a different company. These 11 companies varied in type, size, domain, and geographical area. While the majority of the companies were inhouse development units, there were also three consultancy companies. All the in-house development companies were of large size in terms of the number of employees 2 .
The consultant companies were of a small to medium size; however, the participants from these three consultancy companies had worked with various other large companies, so they brought in their experience with those various companies as well. The majority of the participants' companies were working in embedded systems; however, there were also representatives from other domains like finance and telecommunications. The companies where the participants came from are located in seven different countries covering three continents (i.e., America, Europe, and Australia).
The demographics information about the participants of our study gives us confidence that we gathered data from practitioners who were knowledgeable about VM challenges based on their experience in practice. Furthermore, although the number of the participants is not high, they came from 11 different companies (most of them had extensive experience in VM) and 7 different countries. So their views can be considered representative of the VM challenges faced by broad practitioners in industry with similar characteristics. Table 2 summarizes the amount of participations by each participant. The number in the cell indicates the number of speeches from a particular participant. It can be observed that there were no dominant speakers during the discussion. Every participant got almost equal opportunity to share his/her experience and opinion on different aspect of VM in SPL. 
Challenges Faced by Practitioners in Variability Management
The focus group discussions mainly followed the life cycle stages of SPLE, as we mentioned in Section 2.4. However, when we were analyzing the results, we found that the majority of the issues/challenges reported by the participants are not particular to a specific phase. Therefore, we decided not to organize our reporting of the results follow the life cycle stages of SPLE. Instead, we divided them into two categories: technical issues and non-technical issues. The issues we found are summarized below.
Technical Issues
Handling complexity: When discussing issues in the requirements phase, the participants reported that handling the complex variability is challenging. One participant mentioned that, "when you have 300 features it is very difficult to visualize…so for us it's not easy to visualize features and show that to the customer." Maintaining complex variability models is also challenging. As one participant responded, "I mean there's no way to maintain it, I mean the maintaining, especially changing those decisions, is extremely hard because the chances that you break something is very high, because the context that you try it in is huge." The participant also commented that the research output from intelligent decision models area is far away from being applicable to the real industrial settings. When discussing issues in the implementation phase, the participants reported that for the variability that was a bunch of numbers is relatively easy to manage, but for the variabilities that are much more complex than numbers are difficult to manage. One participant said, "but other things are much more complex, e.g., certain types of algorithms, or whatever there might be in our systems …that's not something that we know how to do very well yet…."
Knowledge harvest and management: When discussing issues in the requirements phase, several participants mentioned that a more challenging task than how to represent the variability (e.g., using feature models) is how to harvest and share the knowledge in an efficient way. They said that the technical artifacts (e.g., source code, design, and requirements specifications) are so diverse, there is no single repository where practitioners can find the required information; abstracting the requirements of different systems into a coherent and consistent variability model is challenging. Understanding the implications of different features on customers' buy-in, on the software product line architecture was also reported to be challenging.
Extracting variability from technical artifacts:
The participants reported that in the situation that the software product line is built on similar pre-existing systems, extracting the variability and commonality of those systems from the various artifacts is challenging.
The same is true in the architecture phase, the participants reported that extracting the variability from technical artifacts of different similar products and building a common architecture for those products are challenging. One participant said: "We recently did [a] kind of a workshop where we took one single piece of code. Several senior architects looked at it. It took almost five or six hours just to go through one file. There were several thousands of lines of code. We tried to figure out why were these decisions made and how can we decouple and componentize this piece of software…because it is such a legacy system and there are so many variants, it's hard to tell the common places versus the points of variability".
On implementation level, the participants reported that in the situation where different similar products were developed using clone and own practices heavily, extracting the variability from the source code files is challenging. There are some clone detection tools but they have been developed mainly for single systems. If there are multiple code bases, each for one product, comparing them and extracting out variability from them is very difficult. Componentizing the existing code and building variability inside and around them are challenging.
Evolution of variability:
The participants reported that in SPLE paradigm, SPLE requirements span different systems. These systems inevitably evolve over time. So the variability exists not only over space (change from system to system) but also over time (change over time). Managing the evolving requirements of SPL is challenging.
When requirements changed, in some cases, the existing architecture does not support the required variability in the new requirements. Some participants mentioned that, in an extreme case where the product line started with one single product, evolving the architecture towards a software product line is really an issue. One participant reported that initially, the company just wanted to penetrate the market with one single product without any variation. Then the product would grow over time and this also meant the architecture needed to be changed. Small changes and variation points were added gradually. After a couple of years, the architecture did not work anymore. Participants said they had not come across good solutions for such challenges. In some domains (e.g., mobile phones), the extending problem (extending the scope of product line) is evident. Some typical evolution scenarios include: adding variation points and variants, removing obsolete variation points and variants, changing relationships among variation points and variants.
Variability modeling and documentation:
The participants mentioned that the variability modeling approaches are not very user friendly. How to document variabilities in a way that is easy to understand and use by different stakeholders is an issue. The participants also reported that compared to the structural aspects, managing the variability in the behavioral and timing aspects is more challenging and less solved.
Design decisions management and enforcement:
The participants reported that managing architectural design decisions and enforcing those decisions are challenging. For example, one participant reported that the architecture design decisions were documented in Microsoft Word document, but they are very difficult to find by the related stakeholders. A better strategy to find these documented decisions is needed. The participant also reported that understanding how the alternative decisions can lead to different architectures, and what the implications of those decisions are on the resulting systems is a key challenge. One participant said: "understanding how to do that properly really requires a lot of experience with systems of that type actually."
Tool support: The participants reported that there is a lack of sufficient tool support for managing variability. One participant said: "it [the tool] works pretty good for specific individual projects that you're going to deliver but for maintaining core assets it doesn't…you know…you have to get creative as far as how to manage variability in requirements." Two participants also reported the difficulties of integrating their chosen requirements management tool (i.e. DOORS) with currently available variability management tool. One participant said there was a tool change step from DOORS to one of the available variability management tool, so they had to develop a connection between those tools. But finally due to the fact that they cannot afford to maintain the home developed connection, it was not used. They agreed that developing and especially maintaining home grown tool is too costly. The participants expressed their expectation to have an integrated, standardized, and end-to-end tool support, instead of having different tools for closely related problems.
Testing:
The participants reported that testing variability in SPL is a challenge, which can cause several problems. Large amounts of efforts are spent on software testing in industry, but they could not see much effort from researchers. For example, one participant said "If you see in practice, many people -a third or something on testing, a quarter, should be even more probably -but then if you look at the same amount of people in research […] I don't know how many percent of the researchers are really working on testing." One participant also mentioned that there is little, if any, work on testing the quality of the core asset to see how it is flexible enough to support the variations, instead of testing the products that come out of the core asset.
Non-technical Issues
People: During discussion of the issues in architecture phase, the participants reported that having good architects is essential for developing and maintaining a software product line architecture. However, there is a lack of good architects who are good at thinking at an abstract level, who know the mechanisms to make the architecture extensible and flexible, and can apply those principles in practice. The architects should also have a product line mindset. With this mindset, rather than architecting their new variability in a sense that it is their own product, architects are going to be architecting the new variability in a mindset that it has to fit on the platform that is already in existence without the clone and own approach.
Mindset change:
The participants reported that changing employees' mindsets of building a single system to the mindset of building a family of systems is really challenging. One participant said: "the biggest problem you have really is people having the traditional mindset of building a single system and they have difficulties just talking about variation.
[…] just having a framework for getting people to think about things in a broader set is really the biggest challenge you have."
Management support: When discussing issues in the architecture phase, the participants reported that to keep the architecture from deterioration, sustained support from the organization (e.g. management support and required funding) is essential. However, keeping such sustained support can be challenging. These challenges generally include examining why certain managers accept and support VM, and what are the factors that can convince managers to give sustained support.
Organizational structure: The participants reported that the separation of the core asset team and the product team puts the people in the product team working in the situation where they have less choice. Getting them to accept the architecture that they did not design themselves is challenging. Proper communication mechanisms should be put into place to alleviate this issue. Some participants also reported that within their organization, barriers exist between different departments who own different yet similar products, and they do not talk to each other, which makes organizational changes very challenging.
Business model:
The participants reported that smooth application of VM practices relies on a proper business model. For example, one participant said "Our business model is probably one of our biggest challenges… the specific customer we work with has a hierarchy where they don't talk to one another and so they are not incentivized to share assets and so we kind of mirror that. And so the business model is probably the biggest challenge we have in a sense that we are paid by lines of code not how effective we share asset." Obtaining a suitable business model is challenging when the existing business model does not encourage reuse.
Frequency Analysis
During the coding process, five high level themes emerged. They are "Technical (Tech)", "Business (Biz)", "Managerial (Mng)", "Organizational (Org)", and "People". Each of these themes corresponds to one type of issues. For example, Tech corresponds to technical issues and Biz corresponds to business issues. To determine the relevant importance of these five different types of issues to the VM industrial practices, we performed a frequency analysis. Table 3 shows the results. The number in each cell represents the number of segments of speeches associated with the theme represented by the column header. It can be seen that the sum of frequency for nontechnical challenges is close to technical challenges (i.e., 10+5+8+13=36, which is close to 38). These findings indicate that non-technical challenges have significant impact on VM practices. One participant also reported that: "non-technical challenges are at least as important and difficult as those technical challenges." 
Discussion
We discuss our findings in the context of (relation to) the research output in VM research (a similar approach was used by Rabiser et al. [22] ). Specifically, by research output we refer to the VM approaches proposed in the literature. Some of these approaches have been systematically reviewed from different angles and purposes and reported in our different publications [2, 5, [7] [8] . The focus of the discussion in this section is to discuss the findings from the focus group in light of the findings from literature reviews we have already reported in order to highlight the issues that still remain unsolved according to the perceptions of the participants of our study.
To facilitate the discussion, we have clustered the issues into two groups based on the number of approaches reported in the literature [2, 5, [7] [8] . The two groups are shown in Table 4 . The first group contains the issues for which no or only few approaches have been proposed. The second group contains the issues for which several or many approaches have been proposed.
The issues in the first group identify the research areas that appear to have not been given enough attention from VM researchers despite practitioners reporting that they face these issues in their daily work and feel frustrated about not having an effective and efficient solution to address these issues.
It is obvious that the challenges belonging to the non-technical issues (i.e., people, mindset change, management support, organizational structure, and business model) category appear to have received significantly less attention from the 
− Variability modeling and documentation
− Tool support research community; none of the approaches we reviewed have tried to address any of them according to the findings from one of our literature review studies [7] . From these findings, it can be concluded that a large majority of the VM approaches nearly exclusively focus on technical aspects of VM to the extent of ignoring the VM challenges caused by non-technical factors involved such as business contexts and organizational environments. Similar observations have been made in the area of architectural description languages [17] . Encouragingly, researchers have recently begun to pay more attention to these issues by discussing them at community events [23] . So far technical challenges of VM are concerned, the issues of handling complexity, knowledge harvest and management, evolution of variability, design decisions management and enforcement, extracting variability from technical artifacts, and testing have not received sufficient attention from VM research community either. For example, extracting variability from technical artifacts has been reported as a significant challenge by the participants of our study. However, existing approaches for identifying variability (e.g., FODA [10] and DRM [19] ) mainly rely on a manual process. Testing is also reported as a big challenge by the participants but there are only a few approaches for addressing testing issue exist (e.g., the ScenTED [21] ). However, ScenTED does not test the core asset to see how it is flexible enough to support the variations as specially mentioned by the participants. Evolution of variability is also reported as one of the challenges by the participants; however, only three approaches, FDL [27] , Ye'05 [28] and Loesch'07 [16] , which are concerned with evolution of variability were found. These approaches only provide very limited support for evolution of variability, a systematic approach to provide a comprehensive support for variability evolution is not available. Handling complexity of variabilities (e.g., the huge number of variabilities and the complex relationships among them, and the complex unit of variability) has also been reported as a big challenge. Existing approaches all seem to fall short of scaling up to handle complex variability satisfactorily [6] . Encouragingly, researchers have begun to pay more attention to some of these issues by organizing community events [12] to discuss various ways of addressing the issue of handling complex variability have been held.
The issues in the second group mainly reveal/reflect the limitations of existing approaches, because although many approaches have been proposed to tackle them, practitioners are still facing these issues. In other words, the existing approaches that attempt to address those issues have several limitations, which hinder practitioners from fully utilizing (or benefiting from) them. The approaches addressing the variability modelling and documentation issue account for a large portion of the approaches we found [2, 7] . Even the standardization of variability modelling has been initiated [9] . However, as reported by the participants of our focus group, these approaches are not very user friendly. How to document variabilities in a way that is easy to understand and use by different stakeholders is still an issue. In addition, managing the variability in behavioral and timing aspects is less solved and more challenging compared to structural aspects.
Many tools have been proposed for managing variability. Even some commercial tools (e.g., Gears 3 and pure::variants 4 ) have been available. However, practitioners expect to have an integrated, standardized, and end-to-end tool support, instead of having different tools for closely related problems. Such requirements have not been met, and practitioners are still suffering from this issue.
The issues in the second group call for more research to improve existing approaches or propose new approaches for satisfying practitioners' requirements.
In the above discussion, we assumed that the participants' statements on the contemporary VM issues are correct (i.e., all issues that reported in Section 3.2 and classified in Table 4 are open issues). There is a possibility that some issues that the participants reported as issues are actually not issues as practitioners may not be fully aware of the solutions to those issues proposed by the research community. We paid attention to this aspect when we were analyzing the data. We did not find such situation (based on our literature review results). This might be because the participants of our study were selected from the attendees of SPLC conference, so they tend to be aware of the recent work reported on VM research.
The findings from this study can also be used for performing comparative analysis with previously identified VM challenges such as reported in Bosch et al. [4] . Such comparison can provide useful information that would confirm the significance and relevance of the VM challenges or indicate the less importance or resolution of certain VM challenges identified many years ago. Our comparison 5 of the findings from this study and the VM issues reported by Bosch et al. [4] has revealed interesting information. Our analysis of the practitioners' views have discovered the issues that were not reported by Bosch et al. [4] ; while we have also noticed that some of the issues mentioned in [4] were downplayed by the participants of our focus group. For example, many of the identified issues of non-technical nature (e.g., mindset change, management support, organizational structure, and business models) were not particularly emphasized in Bosch et al. [4] ; nor these issues appear to have gained significant attention from other VM researchers as mentioned in Table 4 . We also noticed that some of the VM issues described by Bosch et al. [4] (such as "first class representation of variability", "late binding decisions", or "stakeholders concept overlap") were either ignored or less emphasized by the participants of our focus group study. One possible interpretation of this can be either those issues are not that much important anymore or they have already been sufficiently resolved by existing VM approaches. For example, the issue of first-class representation seems to have been solved, because many approaches (e.g., COVAMOF [25] and OVM [20] ) have advocated first-class citizenship of variability. However, it is difficult to make any conclusive remarks about our comparative findings because some of the VM challenges identified by others might have gone unmentioned because our sample size was too small to be expected to cover an exhaustive list of VM challenges.
In summary, the findings from this study provide useful information about and practice-based insights into the VM challenges in SPLE. These findings also not only confirm many of the VM issues reported by Bosch et al. [4] but also identify more challenges that practitioners appear to face while managing variability in SPL. Many VM challenges discovered by analyzing the perceptions of the participants of this study tend to be neglected by the VM researchers. This study has also revealed that some of VM issues reported by Bosch et al. [4] might have been solved; for example, the participants did not mention any problem in "first-class representation of variability", which was reported as a challenges by Bosch et al. [4] . The findings highlighting the importance of dealing with previously not much emphasized challenges such as "Non-technical issues" or "scalability" can be used by researchers to carve out new research agenda and directions for VM research efforts. We also expect that the results from this study will encourage researchers to carry out more studies in order to determine and understand the key problems in managing variability and the sociotechnical factors that can facilitate or hinder the successful technology transfer of the outcomes of the VM research to industry.
Limitations
Like any empirical study, this study also has certain limitations. Our study was conducted with participants having different roles in different companies' SPL initiatives. Hence, the results are limited to the respondents' knowledge and beliefs about the challenges and issues involved in VM throughout the SPLE lifecycle. This situation can cause problems when practitioners' perceptions may be inaccurate. However, like the researchers of many studies based on opinion data (e.g., [1, 18] ), we also have full confidence in our findings because we have collected data from practitioners working in quite diverse roles and directly involved in SPL activities within their organizations. Sample size may be another issue as we had only 11 participants from 11 organizations in 3 focus group sessions. To gain a broader representation of industrial challenges of VM in SPL, more practitioners and organizations need to be included in a future study. But we hope that a reader may be able to identify the challenges and some of the discussed solutions from the literature that are transferable to his/her environment. Despite the abovementioned and potentially other limitations of this empirical study, the findings from this study are expected to provide useful information about the VM issues that are perceived to be unsolved and challenging by the participants of our study.
Conclusions and Future Work
Effective and efficient management of variability is vital to achieve the large-scale reuse promised by the software product line paradigm. The overall goal of our research is to investigate the contemporary industrial challenges of VM in SPL after almost 20 years of research and practice. To achieve this objective, an empirical study using focus group as the data collection method was designed and executed to explore practitioners' experience and perceptions about the VM challenges in SPL.
This research has gathered empirical evidence to update and advance the knowledge about the VM challenges faced by practitioners. The findings of the study highlighted several technical issues, i.e., handling complexity, knowledge harvest and management, extracting variability from technical artifacts, evolution of variability, variability modeling and documentation, design decisions management and enforcement, tool support, and testing of artifacts with variability. Especially, the findings of the study shed light on non-technical challenges (i.e., issues regarding people, mindset change, management support, organizational structure, and business model) faced by practitioners in their daily practice of SPL. These non-technical challenges appear to have been hardly addressed by existing VM approaches, which seem to be mainly focused on technical aspects of VM [2, 5, [7] [8] .
The research results presented here can help researchers to identify the areas that demand further research; especially the results revealed and highlighted several neglected areas of research (e.g., tackling various non-technical challenges). Practitioners can also benefit from the findings. For example, the practitioners who are going to adopt a software product line approach can know the variability management challenges that they need to be aware of; for practitioners who have already adopted a SPL approach, the synthesized list of challenges can help them to get an understanding on what challenges their colleagues are facing, thus they can be more knowledgeable about the neglected issues in their own organizations.
